Abstract. Cloud and fog droplets efficiently scavenge and process water-soluble compounds and, thus, modify the chemical composition of the gas and particle phases. The concentrations of dissolved organic carbon (DOC) in the aqueous phase reach concentrations on the order of ∼ 10 mgC L −1 which is typically on the same order of magnitude as the sum of inorganic anions. Aldehydes and carboxylic acids typically comprise a large fraction of DOC because of their high solubility. The dissolution of species in the aqueous phase can lead to (i) the removal of species from the gas phase preventing their processing by gas phase reactions (e.g., photolysis of aldehydes) and (ii) the formation of unique products that do not have any efficient gas phase sources (e.g., dicarboxylic acids).
We present measurements of DOC and select aldehydes in fog water at high elevation and intercepted clouds at a biogenically-impacted location (Whistler, Canada) and in fog water in a more polluted area (Davis, CA). Concentrations of formaldehyde, glyoxal and methylglyoxal were in the micromolar range and comprised ≤ 2 % each individually of the DOC. Comparison of the DOC and aldehyde concentrations to those at other locations shows good agreement and reveals highest levels for both in anthropogenically impacted regions. Based on this overview, we conclude that the fraction of organic carbon (dissolved and insoluble inclusions) in the aqueous phase of clouds or fogs, respectively, comprises 2-∼ 40 % of total organic carbon. Higher values are observed to be associated with aged air masses where organics are expected to be more highly oxidised and, thus, more soluble. Accordingly, the aqueous/gas partitioning ratio expressed here as an effective Henry's law constant for DOC (K H * DOC ) increases by an order of magnitude from 7 × 10 3 M atm −1 to 7 × 10 4 M atm −1 during the ageing of air masses.
The measurements are accompanied by photochemical box model simulations. These simulations are used to contrast two scenarios, i.e., an anthropogenically vs. a more biogenically impacted one as being representative for Davis and Whistler, respectively. Since the simplicity of the box model prevents a fully quantitative prediction of the observed aldehyde concentrations, we rather use the model results to compare trends in aldehyde partitioning and ratios. They suggest that the scavenging of aldehydes by the aqueous phase can reduce HO 2 gas phase levels significantly by two orders of magnitude due to a weaker net source of HO 2 production from aldehyde photolysis in the gas phase. Despite the high solubility of dicarbonyl compounds (glyoxal, methylglyoxal) , their impact on the HO 2 budget by scavenging is < 10 % of that of formaldehyde. The overview of DOC and aldehyde measurements presented here reveals that clouds and fogs can be efficient sinks for organics, with increasing importance in aged air masses. Even though aldehydes, specifically formaldehyde, only comprise ∼ 1 % of DOC, their scavenging and processing in the aqueous phase might translate into significant effects in the oxidation capacity of the atmosphere.
Introduction
The aqueous phase of clouds and fog constitutes a small volume of the atmosphere (∼ 10 −7 vol vol −1 ), but can act as an efficient reservoir and reactor to convert soluble trace gases. Such soluble compounds include oxidation products of volatile organic compounds (VOC) that are emitted from anthropogenic or biogenic sources and are ubiquitous in the atmosphere. The most abundant organic compounds that have been identified in cloud and fog droplets are small volatile carboxylic acids (e.g., formic and acetic acids) as well as C1-C3 carbonyl compounds (Herckes et al., 2002b; Collett Jr. et al., 2008) . Formaldehyde represents an end product in the oxidation chain of numerous VOCs and its gas phase mixing ratio exceeds that of other aldehydes by a factor up to 10 (Munger et al., 1995) . However, difunctional aldehydes, such as glyoxal or methylglyoxal, have higher Henry's law constants than formaldehyde (by a factor of 10-100) resulting in similar aqueous phase concentrations as formaldehyde (e.g., Igawa et al., 1989; Munger et al., 1989) . Simultaneous gas and cloud or fog water measurements have shown that such highly soluble, small aldehydes are nearly in thermodynamic equilibrium whereas the aqueous phase appears to be enriched in larger compounds (≥ C4) by up to a factor of 1000 (Munger et al., 1995; Li et al., 2008) . The dissolved aldehyde fractions scale with the amount of total scavenged material that is removed by clouds and precipitation (Limbeck and Puxbaum, 2000; Maria and Russell, 2005; Li et al., 2008; Gong et al., 2011) .
Oxidative processing of mono-and difunctional aldehydes in the aqueous phase leads to the formation of carboxylic acids that contribute to the acidity of rain water in remote regions (Khare et al., 1999) . While the contributions of aqueous phase reactions to the total budgets of formic and acetic acids are not well constrained, it is established that aqueous phase processes represent the main source of keto-and dicarboxylic acids (Warneck, 2005) . Many recent model, laboratory and field studies explored the role of aqueous phase reactions for the formation of such multifunctional acids since they remain in the particle phase upon droplet evaporation and contribute to ambient secondary organic aerosol (SOA) mass (e.g., Lim et al., 2010; Ervens et al., 2011; Lee et al., 2011) . Less work has been dedicated to assessing the role of the aqueous phase of clouds and fogs as a reservoir of dissolved organic carbon (DOC) and specifically aldehydes by evaluating their aqueous/gas partitioning.
One of the most important net sources of the HO 2 radical in the atmosphere is the photolysis of formaldehyde in the gas phase (Finlayson-Pitts and Pitts, 2000) :
The photolysis of other aldehydes such as glyoxal and methylglyoxal also yields CHO and, thus, leads to the formation of HO 2 by Reaction (R3), followed by (R2).
Further reaction of the organic peroxy radical RO 2 eventually results in HCHO; however, during this process HO 2 is consumed (R4) which leads to a net HO 2 yield of unity from Reactions (R4) and (R5). Additional loss processes of the peroxides ROOH even decrease further this HO 2 (g) yield from RCHO.
In the aqueous phase aldehydes are (partially) hydrated and form the diol
In the aqueous phase, the interaction of polar functional groups (e.g., carbonyl) with water molecules causes significant differences in their reactivity in gas and aqueous phases, respectively: While in the gas phase, oxidation and/or photolysis products of carbonyl compounds usually comprise small radicals from carbon-carbon bond breakage (R3), hydration effects in the aqueous phase prevent such fragmentation and lead to functionalisation of the reactants under retention of the carbon structure (e.g., carboxylic acid formation from aldehydes). There is evidence from a series of recent laboratory studies that carbonyl compounds might be also partially hydrated in the gas phase (Axson et al., 2010; Maroń et al., 2011) . Due to the lack of observational data, this effect cannot be explored by means of model studies yet. Since hydrated aldehyde (diol) groups do not undergo significant photolysis at atmospherically-relevant wavelengths, dissolved aldehydes that are present in their hydrated form are not efficient net HO x sources. In addition to the gas aldehydes' role as net HO x source, their different reactivities in gas and aqueous phases have further impacts on the HO x cycle: the rates of the OH reactions with dissolved aldehydes and their diols are usually higher than those of the corresponding gas phase aldehydes which can lead to an efficient removal of OH upon uptake into droplets . Assuming day time OH concentrations of ∼ 10 6 cm −3 and 10 −13 M in the gas and aqueous phases, respectively, the first order loss rates for aldehydes (k 1st = k 2nd [OH] ) are on the order of 10 −5 s −1 (10 −11 cm 3 s −1 × 10 6 cm −3 ) and 10 −4 s −1 (∼ 10 9 M −1 s −1 × 10 −13 M), respectively. Indeed, it has been shown that the oxidation of hydrated formaldehyde by OH (and other organics) in cloud water is the main sink of dissolved OH in cloud droplets (Ervens et al., 2003a) and significantly contributes to the observed decrease in OH and other oxidant concentrations during cloud events (Frost et al., 1999; Morita et al., 2004) . However, while Reactions (R1) through (R5) impact the absolute HO x budget, the faster OH reactions in the aqueous phase also yield HO 2 and accelerate the OH-HO 2 turnover. Based on that, it has been shown that the uptake of formaldehyde (which is present up to ∼ 99 % in its diol form at atmospherically-relevant temperatures, Betterton and Hoffmann, 1988) into cloud droplets might have a sensitive impact on the atmospheric HO x budget (Lelieveld and Crutzen, 1991) ; the role of other aldehydes (e.g., glyoxal, methylglyoxal) has not been explored yet.
In the current study, we present aqueous phase measurements of DOC and specific aldehydes (formaldehyde, glyoxal, and methylglyoxal) at two different locations: (1) Cloud and fog water was collected in Whistler (British Columbia, Canada), which represents a location that is impacted by a mix of anthropogenic and biogenic emissions. (2) Fog water was sampled in Davis (California), where the anthropogenic emissions were higher than in Whistler. These two datasets are discussed in the broader context of DOC and aldehyde concentrations and gas/aqueous partitioning at other locations that represent a wide spectrum of locations and emissions. Box model studies are performed to reproduce trends and ratios of the observed aldehyde levels in the aqueous phase. While we do not attempt to simulate cloud/fog processing of aldehydes in detail, we rather apply the model to contrast aldehyde levels in two scenarios (Whistler vs. Davis) that differ in aldehyde precursors and cloud/fog liquid water content. Based on additional, more exploratory simulations, the effects of aldehyde removal by uptake and aqueous phase processing on gas-phase oxidant (HO 2 ) levels are estimated.
Experimental methods

Sampling locations
The "Whistler Aerosol and Cloud Study" (WACS2010) was conducted between 22 June and 28 July 2010 on Whistler Mountain, Whistler, British Columbia, Canada and aimed at exploring the interactions of biogenic emissions with clouds in a coniferous forest area. Chemical and microphysical measurements of the aerosol, gas and cloud phases were performed at mid-mountain (Raven's Nest, 1300 m a.s.l.) and at the Whistler Peak (2182 m a.s.l.). Lidar measurements were conducted at mountain base (665 m a.s.l.). Overall conditions and detailed information on measurements are provided elsewhere (Lee et al., 2011; Pierce et al., 2012; Ahlm et al., 2013) . A total of eight cloud events were sampled at Raven's Nest and three at the Peak site, some longer events yielded several cloud samples. Temperatures during the cloud events were within ∼ 10 ± 5 • C.
The second sampling location was in Davis, CA where a radiation fog field study was conducted between 6 January 2011 and 26 January 2011. Six fog events were sampled at the agricultural research station of the University of California, Davis. Average temperatures were in the range of ∼ 3-10 • C. Emissions in the wintertime are mainly impacted by vehicle traffic, biomass burning for heating purposes as well as some agricultural activities. More detailed information on the site, trace gas measurements and meteorological parameters is provided by Ehrenhauser et al. (2012) .
Measurements
Liquid water content
In Whistler, cloud water samples were collected at Whistler Peak (Mountain peak site) and at the Raven's Nest site (midmountain site) using an automated version of the Caltech Active Strand Cloud Water Collector (CASCC) (Demoz et al., 1996; Hutchings et al., 2009) . Cloud Liquid Water Content (LWC) was measured using a Gerber Particulate Volume Monitor (Gerber PVM 100) (Gerber, 1991) . The PVM data was used to trigger automated sampling.
In Davis, several CASCC type collectors were used for fogwater collection (e.g., Ehrenhauser et al., 2012) . A Colorado State University Optical Fog Detector CSU-OFD was used (Carrillo et al., 2008) to trigger fog collection and provide semi-quantitative data. The obtained data could be used to assess relative trends in LWC and for detection purposes while absolute LWC values were inaccurate. LWC ranges used as input to the model simulations (Sect. 4) were derived from the volume of the collected fog samples, accounting for the collection efficiency (Ehrenhauser et al., 2012) .
Chemical analysis of cloud and fog water samples
Identical methods to analyse the water samples were applied at both locations and followed protocols and methodologies used previously (e.g., Collett Jr. et al., 2008; Hutchings et al., 2009 ) with the exception of mass spectrometric analyses for aldehydes as detailed below. Collected aqueous samples were weighed to determine collected water mass, then aliquotted for different chemical analyses. Fog or cloud sample pH was measured on site with a Denver Instruments IB-5 pH meter equipped with a Fisher Scientific Accumet gelfilled pH electrode, calibrated against pH 4 and 7 buffers.
Sample aliquots for dissolved organic carbon (DOC) analysis and aldehyde analysis were filtered through pre-fired glass fiber filters (VWR North America #691, 1.5 µm pore size) in the field and stored in pre-baked amber glassware with a Teflon lined septa caps. The samples were stored refrigerated, and analysis was performed immediately after completion of the field study. Both filtration and refrigerated storage minimised possible microbial activity in the samples. DOC concentrations were determined using a Shimadzu total organic carbon (TOC) analyser (TOC-5000A) which was calibrated against potassium hydrogen phthalate standards. An aliquot of 30 mL of filtered cloud or fog water was preserved for aldehyde analysis by derivatisation in the field immediately upon collection. Final sample extracts were analysed using a Varian Prostar 210 HPLC system coupled to a Varian 335 Diode Array UV-Vis detector followed by a Varian 1200 L triple quadrupole mass spectrometric detector. Compound separation was performed using a Supelcosil LC18 (25 cm × 3 mm × 5 µm) column and gradient elution. Instrument and mass spectrometer-specific parameters are detailed in Tables S1 and S2 in the Supplement.
After each fog collection event and between events, if no event occurred for several days, the cloud collectors were abundantly rinsed with deionised (DI) water and field blanks were taken by nebulising DI water into the collector inlet with the sampler running. Cleaning prevented any contamination by dry deposition and blanks allowed for the detection of any particulate contamination. Major ion blanks were mostly below detection limits and if detected, concentrations were very low compared to measured concentrations (e.g., 1 µN for nitrate). For TOC, typical blank values were 1 mgC L −1 or less; however, transport blanks for the DI water used for cleaning (transport and storage in the field) yielded similar values. For aldehydes and volatile organics, the fact that the blanks are obtained by nebulising DI water in the field into the collector like fog droplets results automatically in partitioning of gas phase species into the blanks during collection of the blank. Therefore, highly soluble and abundant gas phase species like formaldehyde are detected in these field blanks, but typically at much lower levels than concentrations in fog/cloud water as the exposure time often does not allow for equilibrium partitioning. No blank subtractions were performed. Duplicate analyses were typically within 5 % of each other for TOC, ions and formaldehyde and around 15 % for dicarbonyl compounds.
Box model description
Chemical mechanism
A photochemical box model is applied to simulate partitioning and processing of three aldehydes (formaldehyde, glyoxal, methylglyoxal) over short time scales that either correspond to drop lifetimes in orographic clouds, or processing times in more convective clouds (Whistler) or to typical settling times of droplets in fog (Davis). The formation of glyoxal and methylglyoxal is described by the gas phase oxidation of isoprene, toluene, benzene, xylene, based on the NCAR Master Mechanism (Madronich and Calvert, 1990; Stroud et al., 2003) . Organics are oxidised by OH and ozone. Photolysis rates are adjusted to the respective locations and time of day (morning hours); it is assumed that photolysis rates are not affected by the presence of clouds/fog which might represent an overestimate of the photolysis rates in the interstitial spaces of optically thick clouds or their underestimate in the interstitial spaces in optically thin regions (Mayer et al., 1998; Tie et al., 2003) . The aqueous phase oxidation mechanism of glyoxal and methylglyoxal has been used in previous model studies (Tables 1-3 in Ervens et al., 2004) . In the aqueous phase, organic oxidation only occurs by the OH radical as it has been shown that contributions of other radicals are minor (Ervens et al., 2003a) . As compared to more detailed multiphase models (e.g., Ervens et al., 2003a) , concentrations of OH(aq) might be underestimated since we only include uptake from the gas phase as its only source and neglect any Fenton-type reactions. However, on the other hand, the total organics' concentration in the aqueous phase is also likely to be underestimated, since the considered aldehydes only represent a small fraction of all dissolved organics (cf. Sect. 3.2) that likely represent a significant sink for OH(aq). While such inferred bias in simulated OH(aq) might affect absolute predicted aldehyde concentrations, trends in concentration ratios are not significantly biased. As opposed to the prior study by Ervens et al. (2004) , we only use aromatics (benzene, toluene) and isoprene as precursors for gas phase dicarbonyl compounds and do not initialise ethylene and cyclohexene. The formation of formaldehyde is not explicitly simulated since primary sources of formaldehyde might be substantial and cannot be easily quantified (Lin et al., 2012) . Instead, we initialise it in the gas phase and include its uptake to the droplets and its sinks reactions in both the aqueous and gas phases. The initial conditions for the box model are summarised in Table 1 . These concentrations are held constant over the course of the simulations since it is assumed that they are continuously replenished.
Gas/aqueous phase interactions
Unlike in previous model studies that addressed microphysical processes (e.g., cloud formation and evolution) in more detail (e.g., Ervens et al., 2004) , in the current study, these processes are neglected and the total liquid water content (LWC) is distributed to a monodisperse drop population with a drop diameter of 10 µm. Constant interaction between the gas and aqueous phases and chemical reactions in both phases are assumed for the whole simulation time (t ≤ 1.3 h for clouds (Whistler); t ≤ 5 h for fog (Davis)). Simulations are performed for a range of liquid water contents (0.05 g m −3 < LWC < 0.3 g m −3 ). This LWC range covers the observed, highly variable LWCs in Whistler and Davis (Fig. 1) . We assume constant temperatures for the two cases, i.e., T = 7 • C in the Davis scenario (Ehrenhauser et al., 2012) , and T = 10 • C in the Whistler one.
Since the model does not include any microphysical description of cloud (fog) evolution and precipitation, it cannot give detailed results in terms of the impact of the aqueous phase on the wet scavenging and removal of organic trace gases (e.g., Blando and Turpin, 2000; Yin et al., 2001; . In order to constrain processing times of aldehydes within the limitation of the box model, we took into account the different types of aqueous phases (clouds/fogs) at the two locations: Cloud/air interaction times in orographic clouds can be constrained by flux measurements (Colvile et al., 1996) . In general, wind velocities in these clouds in Whistler were low and clouds with orographic components resembled static radiation fog that lasted for 0.5 h-∼ 1 h. Most of the clouds exhibited characteristics of cumulus/stratocumulus clouds with average thickness of ∼ 600 m (±200 m, at Raven's Nest) with somewhat shallower and more convective clouds at the Peak. While the drop lifetime in such convective clouds is limited to a few minutes, it is likely that particles cycle multiple times through the clouds and, thus, the total processing time might be a multiple of the drop lifetime. Based on the evolution of aerosol composition (sulfate increase), it can be concluded that each particle might have undergone about three cloud cycles. In summary, we estimate that particles in the cloud (fog) water in Whistler (both at the Peak site and Raven's Nest) are processed for a few minutes up to about 80 min. In radiation fog as encountered in Davis, droplet lifetime is controlled by the settling velocity of droplets. Typical fog thickness varied from < 20 m to ∼ 250 m (Holets and Swanson, 1981) . Since droplets can be formed at any height in the fog, the average fall height of a droplet is about half of the fog thickness. With a settling velocity of 0.68 cm s −1 for a 15 µm droplet (Noone et al., 1992; Seinfeld and Pandis, 1998) , the range of droplet lifetime can be calculated as ∼ 0.5-5 h. Of course, this lifetime is might vary by more than a factor of two for (less abundant) smaller or larger droplets and for droplets that form closer to fog bottom or top. Beyond these meteorological effects that limit drop lifetimes and, thus, processing times, physicochemical characteristics of aldehydes make it even harder to give accurate estimates of processing times. For aqueous phase formation of non-volatile products (e.g., sulfate or secondary organic aerosol), it is reasonable to assume that continuous interac- tions of the aqueous phase with the surrounding gas phase might be representative for multiple cloud cycles during which mass will accumulate (Sorooshian et al., 2006) . However, the situation is more complex for highly soluble and volatile compounds (e.g., aldehydes) since (1) time scales of gas uptake to reach equilibrium are inversely proportional to droplet sizes and equilibration time scales might exceed the lifetime of droplets (Finlayson-Pitts and Pitts, 2000; Ervens et al., 2003a) , and (2) aldehydes might not completely accumulate during multiple cloud cycles in convective clouds since they are volatile and (partially) evaporate together with water. However, several recent studies suggest that the fraction of carbonyl compounds in the aqueous phase of deliquesced particles as present upon drop evaporation is greater by several orders of magnitude than predicted by Henry's law constants (e.g., Baboukas et al., 2000; Healy et al., 2009; Volkamer et al., 2009) . While these studies show that the assumption of Henry's law constants is not appropriate to represent partitioning in deliquesced particles, the reasons for this deviation are not fully clear and, thus, cannot be assessed in models. In summary, the ranges of processing time in our model studies should be considered as being approximate. However, the ratios of the aldehyde aqueous phase concentrations should be still meaningful in order to contrast the two scenarios as guided by the data acquired in Whistler and Davis and to explore effects on predicted HO 2 concentrations in these two emission scenarios.
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Fog and cloud occurrence
The clouds sampled at Whistler Peak contained significantly more water (LWC ≤ 1 g m −3 ) than the fogs in Davis where the average LWC was < 0.1 g m −3 (0.019-0.086 g m −3 based on the collected volumes of water; Fig. 1 ), in general agreement with the higher cloud LWC as compared to fogs (Seinfeld and Pandis, 1998) . In Davis, for part of the study, the optical fog detector yielded qualitative data (detection of fog events) rather than quantitative data (Ehrenhauser et al., 2012) . In Whistler, cloud samples were collected both at day and at night time. The local topography with upslope/downslope winds made it impossible to clearly differentiate between intercepted (strato)cumulus clouds with orographic components. One sample obtained at Whistler Peak (evening to morning), and seven samples from Raven's Nest were prepared for carbonyl analysis, four of which were collected during daylight while three were collected during partial day and partial night time. The sampling times ranged from 1.25 to 15 h; most were less than two hours. The typical duration of cloud events on the order of two hours was similar to observations during winter at the same location (Mo et al., 2012) .
In Davis, radiation fogs typically formed in the evening or at night and lasted through the morning hours although one event persisted throughout the day at low LWC (Ehrenhauser et al., 2012) . Eight of the samples were analysed for carbonyl compounds -of which four were night samples, three were daylight samples and one was an evening sample. The corresponding sampling times varied from 2.5 to 8 h.
Dissolved organic carbon (DOC)
The DOC concentrations in the Whistler cloud study ranged from 1.8 to 5.8 mgC L −1 at Raven's Nest and 3.1-8.1 mgC L −1 at the Peak site (Fig. 2a) . Except for the 11 July event which showed a very high DOC concentration at the Peak, all concentrations were similar at the Peak site and at Raven's Nest. The DOC concentrations in the radiation fogs in Davis were generally higher than in Whistler and ranged from 5.9 to 27 mgC L −1 with a median value of 12.6 mgC L −1 (Fig. 2b) . In general, DOC concentrations reflect the abundance of VOCs and carbonaceous particles in the atmosphere and, thus, as expected the observed levels in Whistler are in the lower range of observed concentrations in continental clouds (Table 2 ; Fig. 2c ). Although the atmosphere at Whistler can contain substantial concentrations of VOCs and organic aerosol, they are largely from biogenic sources and consequently strong functions of temperature (e.g., Leaitch et al., 2010) ; during 2010, the clouds sampled were mostly during cooler periods when biogenic emissions might have been partially suppressed. (1) All-year mesurements (Straub et al., 2012) ; (2) 01/2011, this study; (3) winter (Herckes et al., 2007) ; (4) 01/2011 (Ehrenhauser et al., 2012) ; (5) 01/1983 (Jacob et al., 1984) ; (6) no dates reported (Fuzzi and Zappoli, 1996) ; (7) Figure 2c summarises DOC levels in cloud and fog water from previous studies at various locations and shows that the present observations fall within the spread of the concentrations reported. DOC sampled in fog water in Davis was at the lower end of observations in the Central Valley of California with a median higher than in rural Angiola, but clearly lower than in the larger urban areas of Fresno and Bakersfield. The concentrations were slightly higher than observations in rural Pennsylvania, but lower compared to Po Valley studies. DOC concentrations in Whistler were on the lower end for reported cloud observations. DOC was lower than in more polluted environments including the US East Coast, Europe or China. The highest DOC values in Whistler (∼ 10 mgC L −1 ) are higher than the average values in the more anthropogenically-impacted locations possibly because of stronger biogenic organic carbon sources in Whistler. In general, it has been found that DOC constitutes about 80 % of the total organic carbon (TOC) in the aqueous phase (Herckes et al., 2002a; Raja et al., 2008; Straub et al., 2012) ; thus, DOC is a nearly quantitative measure of TOC in the condensed phase of clouds and fogs.
In order to estimate the fraction of DOC to the total organic carbon (i.e., in gas and condensed phases), a measure is needed that quantifies total organic carbon in the atmosphere. A comprehensive summary of the ambient total observed organic carbon (TOOC) (gas and particulate; no clouds) over North America is given by Heald et al. (2008) : concentrations reach from ∼ 5 µgC m −3 in remote areas (Trinidad Head) to > 40 µgC m −3 in large cities (e.g., Pittsburgh and Mexico City). TOOC excludes methane and includes all other organic carbon that can be detected by standard techniques. Comparison of the sum of individual organics and the total organic carbon revealed deviations of 15-45 % in aged air masses. This difference was ascribed to semivolatile, multifunctional oxidation products that cannot be detected by available techniques. The analysis by Heald et al. (2008) reveals that small compounds (≤ C 3 ) that are easily accessible by routine measurements contribute to a significant fraction of all measured organics and, thus, TOOC likely captures the major fraction of the total organic carbon that is present in the atmosphere. The ratio of aerosol to gas phase OC (OC p / OC gas ) varies from ∼ 6-46 % with a median value of 14 % ( Fig. 6a in Heald et al., 2008) . Based on this median ratio, the fraction of OC that is associated with the particle phase can be calculated as F(OC p ) = OC p / (OC p + OC gas ) = 12.3 % (0.14/1.14 × 100 %) whereas the denominator represents TOOC. Since F(OC p ) is not directly available from the measurements listed in Table 2 , we estimate TOOC based on OC p measurements and assume
Using these TOOC values, the ratio of the aqueous (DOC) and gas phase concentrations can be derived. We express the ratio in the following as an overall effective Henry's law
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(2) K * DOC H describes the partitioning of total OC, i.e., it does not refer to the gas/aqueous equilibrium of individual compounds, but includes all organic compounds that are present in the aqueous phase (either dissolved from condensation nuclei or taken up from the gas phase) and gas phase organics. Details on the calculation are given in the Supplement. Given that DOC represents the major fraction of all organic carbon in the aqueous phase, K * DOC H can be considered an approximate measure of the partitioning of TOC between the condensed phases of cloud/fog water and the gas phase.
The resulting range of 7000 < K Chameides, 1984) which might support the general finding that species with such functional groups might comprise a significant fraction of DOC. However, they are much lower than the value that has been derived for gas/particle partitioning of water-soluble organic carbon Hennigan et al., 2009) in the absence of clouds. This trend is in agreement with results for the gas/particle partitioning of individual highly polar compounds that show significantly greater particulate fractions than predicted based on Henry's law constants (Baboukas et al., 2000; Matsunaga et al., 2005; Healy et al., 2008; Liu et al., 2012) . Based on K * DOC H , the fraction of organic carbon can be derived, dissolved in the aqueous phase of cloud/fog droplets (F(OC aq )), which is defined in the following as
These values show that the organic carbon fraction dissolved in cloud water is ∼ 1-46 % depending on location (Table 2 ). This estimate implies that the aqueous phase of clouds/fog is the only condensed phase in the considered volume of the atmosphere. While often a major fraction of particles (diameters < ∼ 100 nm) do not activate into droplets, the total mass of these particles comprises only a minor fraction of total condensed phase mass. Thus, we expect the bias by neglecting insoluble particulate organic mass in Eq. (3) to be small.
The amount of water associated with non-activated particles (in interstitial spaces or in the absence of clouds) is smaller by several orders of magnitude than that of cloud droplets (LWC(particles) ∼ 10 µg m −3 vs. LWC(clouds) ∼ 0.1 g m −3 ). In such particles, the volume of the water phase might be comparable to that of (an) organic phase(s) where less water-soluble, more hydrophobic organics might be absorbed. Thus, particulate mass does not necessarily correlate with the particle LWC. In clouds, the aqueous phase represents by far the largest condensed phase and, thus, the fraction of DOC exceeds that of all other organics. While it is likely that a large fraction of particulate organic carbon is dissolved in droplets that formed on organic condensation nuclei, F(OC aq ) may also be enhanced by dissolution of soluble organic gases too volatile to be associated with particles outside of clouds/fogs. While we have used an average value of 14 % for OC p /TOOC, in the original study this value shows considerable variability (6-32 %) (Heald et al., 2008) . The lowest value (6 %) was observed in Pittsburgh where 66 % of the organic aerosol fraction was classified as oxygenated organic aerosol (OOA) and can be considered as water-soluble (Zhang et al., 2005) . The maximum value was derived in more aged air masses at Chebogue Point where the organic aerosol fraction was nearly completely oxygenated (Ervens et al., 2007) . OOA is usually associated with accumulation mode particles that can be activated into droplets where water-soluble constituents will dissolve. Thus, it is expected that most of the particulate organic carbon will dissolve in activated droplets. Comparison of the range of particulate organic carbon fraction (∼ 6 % < F(OC p ) < 32 %, Heald et al., 2008) and the data derived in Table 2 (2 % < F(OC aq ) < 46 %) suggests that a major fraction of DOC in clouds/fog originates from dissolved particles and a minor fraction of DOC is comprised of dissolved (volatile) gases with increasing contributions in aged air masses.
The data in Table 2 are sorted by the OC p mass concentration, as a proxy for pollution level. The majority of the locations listed in Table 2 are impacted by anthropogenic emissions. However, the relatively high OC p in Whistler is mostly due to freshly-emitted biogenic compounds. Despite the uncertainty associated with the estimate in TOOC, the fractions and K * DOC H values in Table 2 show a trend with decreasing particulate OC mass. F(OC aq ) is relatively low at Fresno, CA, where highly polluted radiation fog was sampled. Organics were not aged and, thus, their solubility was limited (reflected by the relatively low K * DOC H = 7000 M atm −1 ). Locations with lower OC p concentrations generally show higher organic fractions in the aqueous phase. This trend can be explained by the fact that fresh air masses are usually diluted during transport leading to lower OC p loadings. During transport and ageing, organics become oxidised which translates into higher solubility which in turn leads to higher dissolved fractions. The highest F(OC aq ) values are estimated to have been present in clouds at Whiteface Mountain. While the LWC was highest among all locations listed in Table 2 , this factor alone cannot account for the significantly higher fraction of organics that is dissolved (46 %). The higher solubility associated with more aged air masses is also reflected in the trend of K * DOC H (Eq. 2; and Supplement) as it increases from K * DOC aged air masses at Whiteface Mountain. Similar trends have been observed for the degree of oxygenation of organic aerosol particles that usually show enhanced amounts of highly oxidised material in aged air masses whereas the ageing can occur either in the gas or aqueous phase (e.g., Ng et al., 2011) . Figure 3a shows the concentrations of individual aldehydes observed during the two studies. In Whistler, the sum of all aldehyde concentrations included in this study ranges from 12 to 25 µM at Raven's Nest (Whistler). The most abundant aldehyde was formaldehyde which ranged from 3.8-10.4 µM. Formaldehyde was followed by acetaldehyde, propionaldehyde and valeraldehyde. Glyoxal and methylglyoxal concentrations were typically lower than formaldehyde and acetaldehyde, but still on the same order of magnitude. The four carbonyl and two dicarbonyl compounds contribute each about 2-3 % to the identified DOC on average. In Davis, the dataset is limited to formaldehyde, glyoxal and methylglyoxal. Formaldehyde was typically the most abundant aldehyde with concentrations from 5.5 to 7.3 µM. Concentrations of glyoxal were more variable (1.3-8.7 µM). Methylglyoxal concentrations were lower with concentrations of 0.1-0.9 µM. Overall these aldehydes contribute < 1 % to the identified DOC in Davis. This trend is agreement with the findings from Table 2 that imply a smaller contribution of highly soluble species, such as aldehydes, to DOC. Figure 3b compares the observed aldehyde concentrations in Whistler and Davis to corresponding measurements at other locations. In agreement with higher VOC emissions in more polluted scenarios, the aldehyde concentrations differ by more than two orders of magnitude between the most polluted (Riverside) and the most remote location (Whistler), whereas the latter was characterised by relatively higher biogenic emissions. For any given location, the aqueous phase concentrations are mostly within the same order of magnitude for the three aldehydes despite their greatly different gas phase levels (not measured in Whistler and Davis): in Virginia, median formaldehyde levels of 755 ppt were found and significantly smaller glyoxal and methylglyoxal mixing ratios (22 ppt, < 50 ppt, respectively) (Munger et al., 1995) . At the Schmücke (Germany), formaldehyde, glyoxal and methylglyoxal mean mixing ratios ranged from 480-940 ppt, 1-23 ppt, and 17-75 ppt, respectively, depending on time of day and wind direction . The Henry's law constants of glyoxal and methylglyoxal are approximately two and one order of magnitude higher than that of formaldehyde, respectively: et al., 2009) ; K H,Methylglyoxal = 32 000 M atm −1 (in sea water, Zhou and Mopper, 1990) for which likely a similar temperature dependence can be assumed as for the other aldehydes and as for methylglyoxal in pure water ( H sol = −62 700 kJ mol −1 , ; and . Assuming thermodynamic equilibrium, these differences in solubility result in predicted dissolved fractions of 50 %, 5 % and ∼ 1 % for the three aldehydes for an LWC = 0.1 g m −3 (Fig. 4) , whereas the resulting aqueous phase concentrations of all three aldehydes are on the same order of magnitude (Fig. 3) .
Aldehydes in cloud and fog water
Aqueous phase concentrations and their ratios
The total concentration levels of the aldehydes depend on the precursor mixtures which are vastly different between anthropogenic (e.g., Riverside) and more biogenicallyimpacted (e.g., Whistler) locations. While the glyoxal and methylglyoxal yields from toluene are approximately equal (24 % and 19 %, respectively, at low NO x level), methylglyoxal yields from o-and m-xylene exceed the ones of glyoxal by a factor of ∼ 4 (∼ 10 % and ∼ 40 %, respectively) (Nishino et al., 2010) . Glyoxal and methylglyoxal are not only first, but also second-generation products in the oxidation of isoprene and, thus, their concentration ratio changes over time depending on the availability of oxidants. In general, the overall yields of these aldehydes from isoprene are much more uncertain, but in general to be expected lower than those from the oxidation of aromatics (< ∼ 2 % glyoxal yield, ∼ 20 % methylglyoxal yield from isoprene, Galloway et al., 2011) . Whistler is the location that is more strongly impacted by biogenic emissions as compared to Davis, thus, the main glyoxal and methylglyoxal precursor is expected to be isoprene. The photolysis rates and second-order rate constants for the OH reactions in the gas phase differ by less than a factor of two for both difunctional compounds, respectively (j Gly = 8 × 10 −5 s −1 ; j Mgly = 1.2 × 10 −4 s −1 (based on the TUV model by Tie et al., 2003) ; k OH,Gly = 1.15 × 10 −11 cm 3 s −1 ; k OH,Mgly = 1.75 × 10 −11 cm 3 s −1 , Plum et al., 1983) . In the aqueous phase, the ratio of the second-order rate constants for the OH reactions of both dicarbonyl compounds is similar (k OH,Gly = 1.1 × 10 9 M −1 s −1 (Buxton et al., 1997) ; k OH , Mgly = 6.2 × 10 8 M −1 s −1 , Schaefer et al., 2012) . Thus, the loss terms of the aldehydes are similar when they are exposed to identical air masses. The differences in the concentration ratios of glyoxal to methylglyoxal in the aqueous phase (less than unity in Whistler, greater than unity at all other locations, Fig. 3b ) can be explained by the higher methylglyoxal yields from isoprene as compared to glyoxal. In addition, in more aged air masses the more soluble glyoxal might have been preferentially removed by scavenging and processing in the condensed phase.
Gas/aqueous phase partitioning of aldehydes
There are only a few datasets available that report simultaneous measurements of aldehydes in both phases, gas and aqueous. In orographic clouds at the Schmücke (Germany), it was found that the partitioning of formaldehyde, glyoxal and methylglyoxal between the aqueous and gas phases corresponds to [Aldehyde] aq /p Aldehyde =∼ 3000 M atm −1 ; ∼ 2 × 10 5 M atm −1 and 3 × 10 4 M atm −1 , respectively . Similar ratios can be also calculated for the partitioning of these compounds observed in Virginia (Munger et al., 1995) and for formaldehyde during the ICARTT campaign (Li et al., 2008) . These ratios are very close (within factors of ∼ 0.7, ∼ 2, and ∼ 3) to the Henry's law constants at 298 K (K H,298 K (Glyoxal) = 4.19 × 10 5 M atm −1 (Ip et al., 2009) ; K H,298 K (methylglyoxal) = 3.2 × 10 4 M atm −1 in sea water (Zhou and Mopper, 1990 ). For methylglyoxal, the Henry's law constant is significantly smaller in pure water (2970 M atm −1 at 298 K, , while ionic effects do not seem to significantly affect the constant for glyoxal. The assumption of cloud water being an ionic solution appears to be justified since it comprises many inorganic and organic compounds at micro-and up to tenths of millimolar concentrations. Small temperature fluctuations could also cause deviations in gas/aqueous phase partitioning due to the strong temperature dependence of the K * H values. While the aforementioned studies analysed bulk water samples, sizeresolved measurements have shown enhanced formaldehyde concentrations (by a factor of ∼ 1.5) with decreasing droplet size. This trend has been explained by the kinetic limitation of formaldehyde uptake into larger droplets (Ervens et al., 2003b) . While aqueous phase concentration of organic compounds with Henry's law constants K H (*) > 1000 M atm −1 do not significantly deviate from those as predicted based on thermodynamic equilibrium, a significant enrichment of less soluble compounds (K H (*) < 1000 M atm −1 ) has been observed in several studies (Valsaraj, 1988; . The reasons for this deviation are not fully clear, but likely include adsorption on the air/water interface or colloid formation of these compounds (Valsaraj et al., 1993) .
The fraction of aldehydes that is predicted to be present in the aqueous phase is shown in Fig. 4 . It is evident that only for the highly soluble glyoxal the dissolved fraction might reach a maximum of ∼ 70 % (at LWC ≥ 0.1 g m −3 ), whereas the dissolved fraction of the less soluble aldehydes does not exceed 10 % at any reasonable LWC. While these aldehydes will (partially) evaporate during drop evaporation, their different reactivities in the gas and aqueous phases also impact the aldehyde budgets to different extents (cf. Sect. 1). Considering that there are several dark sources of OH in the aqueous phase (e.g., Fenton reactions, Ervens et al., 2003a ) the ratio of the loss rates in the gas and aqueous phase will be even higher during early morning or evening when several of the fog and cloud samples were acquired. Thus, the aqueous phase does not only act as a reservoir for aldehydes and protects them from being photolyzed (R1-R6), but it also represents a significant sink for aldehydes due to the efficient consumption that affects the overall aldehyde budgets.
In addition to hydration that is implicitly included in the effective Henry's law constants, aldehyde partitioning can be further shifted towards the aqueous phase by the formation of adducts with sulfur(IV) (Olson and Hoffmann, 1989) :
The overall partitioning of aldehydes can be then calculated based on the equilibrium constants for (R7) for formaldehyde (K SIV,HCHO = 3.6 × 10 6 M −1 ), glyoxal (K SIV,Gly = 2.8 × 10 4 M −1 ), and methylglyoxal (K SIV,Mgly = 3.1 × 10 5 M −1 ) (Olson and Hoffmann, 1989) . Similar to the expression for an effective Henry's law constant that includes hydration , the partitioning of total aldehyde (aldehyde + hydrated aldehyde + sulfur(IV) adduct) can be expressed as
Similar to our definition of K * DOC H , this K SIV H does not follow strictly the definition of a Henry's law constant as it includes chemical conversion in addition to hydration. Rearranging Eq. (4) and substituting ∼ 4 µM and 17 µM, respectively, can be calculated for the two locations. A comprehensive overview of sulfite measurements shows that only at very polluted locations, sulfite concentrations exceed ∼ 20 µM and substantial sulfonate formation can be expected (Rao and Collett Jr., 1995) . At all other locations, the fraction of formaldehyde that is present as hydroxy methanesulfonate is < 5 %. Since the K SIV,RCHO for glyoxal and methylglyoxal are one and two orders of magnitude smaller, it can be concluded that (R7) does not significantly enhance aldehyde partitioning in the aqueous phase. In addition, it should be noted that Eq. (4) only accounts for equilibrium. However, it has been shown that the adduct formation is relatively slow Olson and Hoffmann, 1989) and only under very high S(IV) concentrations and in large droplets, deviations from thermodynamic equilibrium due to aldehyde-S(IV) interactions might be expected (Ervens et al., 2003b) . Based on these estimates, sulfonate formation is not included in the following box model studies.
Box model results
Predicted trends in aqueous phase concentrations of glyoxal and methylglyoxal
Box model results are presented as a function of LWC and processing times. In order to cover the LWC range observed in the two field studies, multiple model simulations are performed with a constant LWC in each simulation. Different simulations cover a range of 0.05 g m −3 < LWC < 0.3 g m −3 whereas the observed ranges were 0.07 g m −3 < LWC < 0.15 g m −3 in Whistler and 0.05 g m −3 < LWC < 0.1 g m −3 in Davis (marked as horizontal grey lines in Fig. 5 ). While a cloud or fog event might last several hours, the lifetime of a single droplet is usually restricted to a few minutes upon which volatile gases, such as aldehydes, will evaporate together with water. Thus, the processing time of volatile aldehydes in the aqueous phase is mostly restricted to the drop lifetime bounded by formation/evaporation processes. While there is evidence that aldehydes do not completely evaporate from the condensed phase, high uncertainties exist in estimating the retained fraction in deliquesced particles (cf. Sect.
2.3.2).
A first set of model results shows the predicted aqueous phase concentrations for the three aldehydes (Fig. 5a-c, fh ). Predicted formaldehyde concentrations are nearly identical for both locations with only a weak impact of processing time. Note that in the model, we do not consider any chemical sources of formaldehyde, but initialise it in the gas phase, constrained by corresponding measurements. Thus, unlike for glyoxal and methylglyoxal, there are no implicit uncertainties with its yields from precursors and formaldehyde can be considered as a "reference" compound whose concentration can be compared to the others. Predicted glyoxal concentrations are smaller by about one order of magnitude in the biogenic scenario as compared to the more anthropogenically-impacted location, in approximate agreement with observations at Whistler and Davis, respectively (∼ 3 µM vs. ∼ 0.5 µM; Fig. 3 ). Glyoxal and methylglyoxal concentrations in Whistler are generally somewhat underestimated as compared to the measurements. Beyond biases due to uncertainties in processing times, additional reasons might include uncertainties in aldehyde yields from gasphase oxidation of isoprene (Galloway et al., 2011) . While the first-generation yields of glyoxal and methylglyoxal (as formed from aromatics) can be relatively well constrained, yields of higher generation products are less certain. Thus, predicted glyoxal and methylglyoxal levels might be biased low for isoprene. It should be also noted that the strong temperature-dependence of the aldehyde's Henry's law constants (decrease of K H (T ) by ∼ 30 % per 1 K) could also contribute to an underestimate of aqueous aldehyde levels. Predicted methylglyoxal concentrations differ by a factor of two between the two locations whereas glyoxal shows much greater variation (factor of ∼ 10). Since both glyoxal and methylglyoxal concentrations are biased low, their ratio is similar to the observed ones, i.e., glyoxal/methylglyoxal ratios less than unity in Whistler (for t>30 min) and exceeding unity in Davis ( Fig. 5d and i) . These trends can be explained by the different yields of glyoxal and methylglyoxal by typical anthropogenic and biogenic precursors: The ratios of glyoxal to methylglyoxal molar yields in the gas phase as determined in chamber studies are greater than unity for toluene and p-xylene and slightly smaller than unity for other substituted monoaromatics (Nishino et al., 2010) . Benzene is often one of the most abundant aromatic and only yields glyoxal. As it can be expected from these yields and their ratios, in anthropogenically influenced regions, the glyoxal/methylglyoxal ratios are near unity (Fu et al., 2008) . Isoprene oxidation yields much higher methylglyoxal concentrations than glyoxal (Galloway et al., 2011) and, thus, in biogenically-impacted regions, the ratio of glyoxal to methylglyoxal is much smaller (∼ 0.2) (Spaulding et al., 2003) . Figure 5e and j show the ratio of the sum of glyoxal and methylglyoxal to formaldehyde and confirm that in less aged air masses the more soluble difunctional compounds have in total similar concentrations as formaldehyde, whereas they are much less abundant at more remote locations, in agreement with findings at many other locations (Fig. 3b) .
In general, the predicted and observed aqueous phase concentrations of glyoxal and methylglyoxal in Whistler are much lower compared to other locations (Fig. 3b) . Many recent model and laboratory studies have predicted efficient formation of secondary organic aerosol from glyoxal and methylglyoxal in the aqueous phase (Ervens et al., 2011 and references therein) . For the relatively clean conditions in Whistler, mass concentrations of SOA on the order of < 10 ng m −3 are predicted upon processing times of several hours which exceeds the processing times as estimated here (results not shown). Such small changes in total aerosol mass might be below the detection limit. These results appear to be in contradiction to results from a recent laboratory study where efficient SOA formation in cloud water samples collected in Whistler was predicted , but they rather agree with findings of efficient organic aerosol oxidation by OH that leads to a decrease in total organic aerosol mass (Slowik et al., 2012) . It should be noted that the study by Lee et al. (2012) was performed on highly concentrated aqueous samples under the influence of increased OH concentrations. Conditions of such high organic concentrations together with higher oxidant levels rather resemble aqueous aerosol (Tan et al., 2009; Ervens and Volkamer, 2010) and, thus, results from that study could be considered as processing in deliquesced particles. These experimental conditions might overestimate SOA formation for cloud conditions and do not reflect the limited time scales as encountered in cloud droplets that undergo quick formation and evaporation cycles. In summary, the box model applied here is able to qualitatively contrast concentration levels and ratios of the three aldehydes in the aqueous phase for the two different scenarios. This general agreement gives confidence that it is suited to conceptually simulate trends in concentration levels and ratios in the multiphase system despite uncertainties in initial conditions and details on cloud/fog microphysical parameters and evolution.
Impact of aldehyde scavenging on HO 2
Gas phase photolysis of formaldehyde represents the major HO 2 (g) source and, thus, the initiator of the HO x cycle (R1). The photolysis rates of the different aldehydes in the gas phase differ by roughly a factor of four, with formaldehyde having the smallest and methylglyoxal having the largest value (j HCHO ∼ 4 × 10 −5 s −1 ; j Gly ∼ 8 × 10 −5 s −1 ; j Mgly ∼ 1.2 × 10 −4 s −1 for the photochemical conditions in Whistler). In order to predict the impact of aldehyde partitioning on HO 2 gas phase concentrations in the presence and absence of clouds (fog), simulations are performed for a processing time of 30 min (as an average of processing time in fog and clouds, respectively) and LWC = 0.1 g m −3 which roughly represents a lower LWC limit in clouds and an upper limit for fog LWC (Fig. 1) . Two sets of simulations are compared, i.e., one that considers a pure gas phase system without any partitioning to and processing in the aqueous phase whereas the second one uses the multiphase system as applied in Fig. 5 . Figure 6a shows that under mostly biogenic conditions (Whistler), HO 2 (g) levels can be reduced by up to two orders of magnitude (−91 %) in the presence of clouds. This difference is in general agreement with detailed multiphase model simulations that explored the effects of aqueous phase chemistry on organic peroxy radical levels . The decrease is smaller (−76 %) in more polluted conditions as encountered in Davis since the oxidation of CO is relatively more important in terms of HO 2 production due to higher CO levels.
In addition, more complex chemical feedbacks are occurring that affect the oxidant cycles, such as the faster turnover of OH into HO 2 due to the higher reaction rate of hydrated formaldehyde in the aqueous phase as compared to the corresponding gas phase process (Sect. 1).
In Fig. 6b , the reduction in HO 2 (g) concentration is shown whereas we define these changes as HO 2 = 1− HO 2 in the presence of aqueous phase HO 2 in the absence of aqueous phase · 100 % (7)
The bars on the left hand side of Fig. 6b ("base case") repeat the results of Fig. 6a . In order to investigate which aldehyde has the strongest impact on the HO 2 decrease, three additional exploratory simulations were performed in which the uptake of a single aldehyde is excluded from the multiphase mechanism. These simulations allow us to understand ] for a pure gas phase system ("gas") and the multiphase system ("gas + aqueous", Base case) (b) Reduction of HO 2 (g) [%] (Eq. 7): "base case" refers to the simulations as in (a); the other three pairs of bars ("no HCHO, no GLY, no MGLY uptake", respectively) refer to exploratory simulations where the uptake of a single aldehyde (formaldehyde, glyoxal, methylglyoxal) into the aqueous phase is excluded from the chemical mechanism in the multiphase (gas + aqueous) system. feedbacks in the multiphase system in a simplified manner. The results of these simulations are shown in the right hand part of Fig. 6b . Excluding the uptake of formaldehyde leads to HO 2 (g) concentrations that are 51 % (Whistler) and 39 % (Davis) smaller than in simulations that include its uptake and subsequent aqueous phase processing. The results from the other cases where the uptake of glyoxal or methylglyoxal are ignored show that the dissolution of either aldehyde only affects HO 2 (g) levels marginally (< 1 %). Even though the fraction of glyoxal scavenged is the highest (Fig. 4) , its relative role as HO 2 (g) precursor seems least important since its photolysis rate is roughly a factor of two smaller than that of methylglyoxal. It is not expected that the sum of the bars in the set of three simulations in Fig. 6b add up to the total decreases as shown on the left-hand side since neglecting the uptake of a single aldehyde into the aqueous phase causes nonlinear feedbacks on oxidant concentration levels that impact oxidation rates in both phases. In general, these trends show that even though the aqueous phase is a more effective reservoir for the difunctional compounds (Fig. 4) , their importance as HO 2 precursor is much smaller due to their smaller gas phase concentrations and less efficient formation of HO 2 (R3-R5). Our approach of using identical photolysis rates within and outside clouds might be somewhat simplified as within optically thick clouds photolysis rates tend to be lower, whereas they might be enhanced due to reflection on droplets in optically thinner regions of clouds, i.e., near their edges. The extent to which these opposite effects might possibly lead to a (partial) cancellation of the change in photolysis rates will depend on cloud properties (thickness, droplet size distributions, etc.). In addition to the cloud impacts on photolysis rates, it might be possible that gas phase aldehyde concentrations near cloud edges are enhanced from evaporating cloud droplets which might even enhance further HO 2 production. For simplicity, these effects are not considered in our box model. However, it can be expected that they might affect the levels of all aldehydes to a similar extent and, thus, it is concluded that the trends in terms of the relative impacts of the different aldehydes on HO 2 (g) shown in Fig. 6 will not change. These model results generally confirm conclusions by Lin et al. (2012) on the total HO x budget that have been drawn based on formaldehyde measurements: it was found that formaldehyde photolysis contributes ∼ 18 % to the total HO x budget, only exceeded by HONO (67 %) and followed by O 3 photolysis and alkene reactions with ozone (13 % and 2 %, respectively). While these numbers are not directly comparable to our model results since we do not discuss any impacts on the OH budget, the fact that in the study by Lin et al. (2012) no other aldehydes were identified as significant contributors to the HO x budget is in agreement with our findings that glyoxal and methylglyoxal -as proxies for higher aldehydes -likely play a minor role.
Our model results suggest that the dissolution and subsequent hydration of aldehydes can significantly impact HO 2 levels (reduction by nearly two orders of magnitude) and ultimately affect the oxidant cycles in the multiphase system. The estimated scavenged carbon fractions (∼ 1 % < DOC/TOOC < ∼ 46 %) and the quantification of aldehydes as contributors to DOC ([formaldehyde + glyoxal + methylglyoxal] aq /[DOC] ∼ 6 %) imply that even scavenging of a very small organic carbon fraction (< 1 %) might lead to significant changes in the oxidant budget of the atmosphere. This fraction only represents the partitioning at a given time and for equilibrium conditions, but in the dynamical multiphase system, aldehydes are quickly consumed in the aqueous phase and, thus, affect the aldehyde levels in both the gas and aqueous phases. The extension of our study to difunctional aldehydes exceeds early findings on the role of clouds in impacting HO 2 by removal of formaldehyde by aqueous phase processes (Lelieveld and Crutzen, 1991) . Since the three aldehydes comprise only ∼ 6 % of the total identified dissolved aldehydes in cloud and fog waters, it might be expected that the total effects of aldehyde hydration in the aqueous phase on HO 2 levels could be even somewhat greater.
Conclusions
Dissolved organic carbon (DOC) and select carbonyl species were measured in clouds collected in Whistler (British Columbia, Canada) and fog in Davis (CA). Formaldehyde, glyoxal and methylglyoxal were present in the micromolar concentration range and accounted for up to 10 % of the dissolved organic carbon. DOC concentrations were lower in Whistler compared to Davis and were consistent with literature data at similar locations. An overview of different datasets reveals that DOC as well as carbonyl concentrations increase from remote to polluted environments. The overall solubility (expressed here as an effective Henry's law constant K * DOC H ) that describes the distribution of total organic carbon between the aqueous and gas phases shows an increase with increasing distance to biogenic or anthropogenic emission sources (7000 M atm −1 < K * DOC H < 71 000 M atm −1 ). This trend points to a greater fraction of oxidised organic material and a higher partitioned organic carbon fraction in aged air masses. Indeed the aqueous phase carbon fraction increases from ∼ 2 % in fresh air masses to ∼ 46 % in more remote locations. In the gas phase, formaldehyde is the predominant aldehyde and its concentration exceeds those of glyoxal and methylglyoxal approximately by an order of magnitude. However, the solubility (Henry's law constant) of the difunctional compounds is greater by one and two orders of magnitude, respectively. Thus, difunctional compounds are more efficiently dissolved in the aqueous phase; it is predicted that at a liquid water content of 0.1 g m −3 , ∼ 70 % of glyoxal, ∼ 5 % of methylglyoxal and 1 % of formaldehyde are present in the aqueous phase. These different dissolved fractions of the aldehydes can explain similar concentration levels (∼ µM) of these three aldehydes in the aqueous phase of fog and cloud droplets.
The formaldehyde, glyoxal and methylglyoxal concentration levels in cloud water as observed in Whistler and Davis can be reproduced reasonably well by box model simulations that are initialised with measured VOC precursor concentrations and liquid water contents and are performed over reasonable processing times estimated for cloud and fog conditions. Model results also show that the dissolution of formaldehyde has the greatest impact on predicted HO 2 levels (reduction by nearly two orders of magnitude) despite its smallest dissolved fraction based on Henry's law constants. Since its oxidation in the aqueous phase is faster than it is in the gas phase, the continuous removal from the gas phase by consumption in the aqueous phase leads to an efficient decrease of the HO 2 source. The contributions of more soluble glyoxal and methylglyoxal to the HO 2 levels are marginal and only change predicted HO 2 concentrations by ∼ 1 % in total. Although the box model simulations performed in the present study might not be fully quantitative since the results depend on various conditions (e.g., drop distribution, liquid water content, processing time, impact of clouds on photolysis rates, etc.), it can be expected that the identified relative contributions to HO 2 reductions from the three aldehydes will not be significantly different if more sophisticated models are used. In general, these studies suggest that a very small (< 1 %) fraction of DOC might have significant impact on the oxidant levels in the atmospheric multiphase system.
Supplementary material related to this article is available online at: http://www.atmos-chem-phys.net/13/ 5117/2013/acp-13-5117-2013-supplement.pdf.
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